Errors in thermodilution cardiac output measurement were quantitated to determine the order of accuracy of routine measurements performed by unskilled personnel. In vitro and in vivo studies were undertaken to examine factors affecting the volume and temperature of the injectate, catheter thermistor and computer performance, effect of respiration, use of cold (0-4 QC) versus ambient temperature (20) (21) (22) (23) (24) (25) injectate, and the interpretation of measurements. Ambient temperature injectate incurred unacceptably large errors; cold injectate (injections were timed with respiration) produced variations in performance by equipment and personnel which accounted for only 2% of the variation between successive measurements. Real changes in cardiac output and inherent variability of the downslope of the thermal curve, necessitating an empirically based calculation, account for up to 10% variation between successive measurements. When cold injectate was used, and the average of three corrected measurements taken, thermodilution cardiac output measurements were within 10% of a simultaneous dye dilution measurement.
Measurement of cardiac output in the intensive care unit and operating theatre has become a useful adjunct to the diagnosis and management of many circulatory disorders . [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The availability of the Swan-Ganz catheter has made estimations relatively quick and easy to perform.
Thermodilution cardiac output measurements are rapid and convenient, and do not require the injection of a foreign material or insertion of an arterial catheter. However, because the thermodilution technique does not satisfy some of the basic requirements for flow measurement by the indicator dilution technique, and because it is not possible to calibrate the measurement of the dose and change in blood concentration, it was decided to evaluate the thermodilution technique in detail.
THEORY If a known amount of indicator (I) is injected into any inlet of a system through which fluid is flowing at F ml/sec, and complete mixing takes place in that system before any fluid leaves the system, it is possible to calculate flow through the system by continuous measurement of the concentration of the indicator (c) in any outlet from the system.
Consider the amount of indicator leaving the system over any short time interval (dt). loutdt = F.dt x c(t) where c(t) is considered to be constant over the short time interval. If the indicator concentration is continuously measured downstream after injection, the concentration will be zero initially, will rise to a maximum, and will then fall to zero again. If there is no loss of indicator from the system between injection and sampling, then the total amount injected will be equal to the sum of all the amounts leaving. A number of requirements must therefore be satisfied when using an indicator dilution method to calculate flow. The amount of indicator injected must be known, there must be complete mixing of indicator and fluid before any fluid leaves the system, and flow should be constant over the period of measurement. The injection of indicator should not alter flow significantly, and there should be no loss of indicator between injection and sampling. The indicator should be non-toxic, should not accumulate, and its concentration should be amenable to accurate continuous measurement. As there is recirculation of such an indicator during the sampling period, a satisfactory method must be used to compensate for this.
Dye Dilution Cardiac Output
These requirements are satisfied by Indocyanine Green (lCG) (Cardio-Green, Hynson, Westcott and Dunning Inc., Baltimore, U .S.A.) used according to the method described below. The following form of the Stewart-Hamilton equation is used: Ix60xK C.O. = J:c(t)dt where: I is the mass of dye injected in mg; 60 is the conversion factor to yield IImin; K is the calibration factor; J:c(t)dt is the area under the dye dilution curve in mg/sec/I. The amount of dye injected is known because a predetermined volume of a solution of known concentration is rapidly flushed into either the superior vena cava (SVC) or right atrium (RA). The volume is determined by visual sighting of the amount of dye in a 1 ml tuberculin syringe Anaesthesia and Intensive Care. Vol. IX. No. 3, August, 1981 (see below). The solution injected is made up by dissolving ICG into a weighed amount of the supplied diluent on the morning of use to yield a concentration of 2.5 mg/ml; it is not necessary to determine the concentration exactly if the solution to be injected is also used to construct the standard calibration curve (see below).
Mixing is ensured by injection into the SVC or RA with sampling in the descending aorta. The injection does not alter flow significantly and there is no loss of indicator as ICG binds very rapidly with plasma proteins; ICG is nontoxic and is rapidly removed by the liver. Accurate measurement of ICG concentrations in the blood is confirmed by calibrating the equipment both before and after the cardiac output measurements over the range at which the measurements are made. As ICG has a peak absorption wavelength (806 nm) at which oxyhaemoglobin and reduced haemoglobin interfere equally, an important potential error is eliminated. 14 Recirculation of ICG occurs, but, as ICG concentration decays exponentially after reaching its peak concentration, the downs lope may be extrapolated mathematically so that the area under the curve can be measured. ls Methods for this calculation are evaluated in this paper. As an excellent correlation between the Fick method and the ICG dilution method has been shown over a wide range of cardiac outputs,16-19 and as the dye method satisfies the basic requirements for an indicator dilution method, dye dilution cardiac outputs were used as the standard against which thermodilution cardiac outputs were compared in this study.
Thermodilution Cardiac Output Measurements
The measurement of cardiac output by thermodil ution, although rapid and convenient, poses a number of problems, as some of the basic requirements for indicator dilution flow measurements are not satisfied. When using a quadruple lumen Swan-Ganz catheter (Model 93A-131-7F) and an Edwards cardiac output computer (Model 9550, Edwards Laboratories) (Edslabs, Santa Ana, California, U.S.A.), the following form of the Stewart Hamilton equation is used.
where VI is the volume of injectate in litres, TB is the initial blood temperature in QC (continuously measured by the thermistor on the catheter), TI is the initial injectate temperature in QC (continuously measured by a separate thermistor in the injectate container), Cl, CB, SI, SB, are the specific gravity and specific heat of injectate and blood, respectively (for 5070 dextrose SI x CI/SB x CB = 1.08); CT is the correction factor for loss of thermal signal in the catheter (the latter varies with the volume and temperature of the injectate and is entered manually into the computer from a table derived from an in vitro study), 60 converts l/sec to l/min, f:B(t)dt is the area under the time-temperature curve.
The first problem is to ensure that a known dose of thermal indicator is injected. This depends on accurate filling of syringes by visual sighting, on the accurate performance of the thermistor in the injectate probe (which cannot be easily routinely calibrated) and on ensuring that temperature equilibration has taken place between the injectate probe and the contents of the syringes. It is also necessary to ensure that, if injection has taken place via a tap, the dead space of the tap is insignificant. With injection into the SVC or RA and with sensing in the pulmonary artery, it is generally agreed that adequate mixing occurs;20 injection should take place in less than 4 seconds. 21 Although the indicator is obviously not toxic, the volume injected may be a problem in patients with oliguria or fluid overload, and may also briefly increase the flow.
The next problem is that loss of indicator occurs at each stage of the procedure. Indicator is lost between removal of the syringe from the ice bath and injection into the catheter, 22 in the catheter ,20 and between emergence from the injectate orifice of the catheter and arrival at the thermistor in the pulmonary artery. 23 A further problem is that it is necessary, before measuring any changes in temperature in the pulmonary artery, to ensure that there is a steady baseline pulmonary artery temperature. Continuous measurement of the pulmonary artery blood temperature by the catheter thermistor in the period immediately preceding cardiac output measurement ensures minimal interference from changes in baseline temperatures, but, nevertheless, significant cyclic changes in pulmonary artery temperature and in cardiac output occur with respiration, with sudden movements, and with disturbances such as coughing. 24 -26 The facility exists for using ambient temperature injectate; although problems of equilibration of syringe contents with the injectate probe and loss of indicator before injections are avoided, the signal-to-noise ratio is significantly reduced leading to greater variability between cardiac output measurements. 27 To measure the area under the curve it is necessary for the catheter thermistor to be both accurate and linear over the temperature range in question, and for the computer to accurately measure the area under the curve. It is desirable that the functions of both be tested from time to time.
Finally, as some indicator "arrives late" there are considerable irregularities in the downslope of thermodilution curves, and as the decay cannot be described by a single exponential function, an entirely empirical method is used to calculate the area under the curve 28 ( Figure 1 ). Integration is terminated by the computer when the downslope of the thermal curve is 30070 of the peak value of the curve, and 22070 is added to the area integrated. Thus, although thermodilution cardiac output measurements are simple to perform, there is an understandable reluctance on the part of many clinicians to place reliance on such a "black box". It was therefore decided that if thermodilution cardiac output measurements were to be used with any degree of confidence in data acquisition or patient management, the contribution of the various factors mentioned to overall error should be determined, and the overall order of accuracy that may be obtained by unskilled personnel should be established.
METHODS AND MATERIALS

Volume of Injectate
One hundred 10 ml plastic syringes (Terumo, Australia) were filled with 50/0 dextrose to the 10 ml mark by visual sighting by six unskilled personnel, weighed, emptied, and then reweighed to determine the range of volumes ejected. This procedure was repeated with one hundred 1 ml Terumo syringes filled with ICG (2.5 mg/ml). The amount of dead space in four types of two-way taps was determined (Pharmaseal Model K72, Glendale, California, U.S.A.; Pharmaplast, Model X451, Sydney, Australia; Viggo Venflon, Model 4021, Helsingborg, Sweden; Cobe, Model 41220, Lakewood, Colorado, U .S.A.).
Temperature of Injectate
Temperatures measured in a thermostatically controlled water bath by the injectate probe and Waters computer were compared with those obtained using a platinum resistance bridge thermometer (Electro Scientific Industries, Model 300, Portland, Oregon, U .S.A.) over the range 0-4.5 QC and over the range [20] [21] [22] [23] [24] [25] QC.
The rate of equilibration of syringes filled with ambient temperature 5OJo dextrose with the temperature probe placed in a modified syringe via an air-tight hole in the plunger, was determined in a waterbath containing successively crushed ice only, ice blocks only, crushed ice with water, and ice blocks with water.
The rate of increase in temperature when a cold equilibrated syringe was removed from the ice bath was determined when syringes were being held by the plunger, and when syringes were being held by the barrel.
Rate of Injection
Eight staff members were timed injecting 10 ml of 5% dextrose through the proximal lumen of a Swan-Ganz catheter against a mean pressure of 50 mmHg.
Effects of Respiration
Thermodilution and dye dilution cardiac output measurements were compared during routine pharmacokinetic experiments in chronically catheterised sheep29 under anaesthesia when injections were made both with and without regard to the respiratory cycle. The Swan-Ganz catheter was placed with its tip in the pulmonary artery, so as to give an undamped trace, and a separate injectate catheter (Cook Industries, type PERT 7.0) was placed in the RA, both via the right jugular vein. This was because it was found that the three other catheters in the SVC (with their tips in the left renal vein, the right hepatic vein and the inferior vena cava) acted as a heat sink. The same type of catheter was placed via the right carotid artery with its tip in the ascending aorta, for withdrawal of blood for dye dilution measurements. Measurements were made by preloading the lumen of the injectate catheter with 2.5 mg of ICG in 1 ml, and flushing the dye in with 10 ml of cold 5% dextrose as the thermal indicator; two more thermodilution measurements were then made at 1 minute intervals, and the average of the three taken as the thermodilution cardiac output. Integration and computation of the thermodilution curve were via a cardiac output computer (Model .,.... 29 In the triangulation method used, the area was derived by multiplying the peak height of the curve by the width of the curve at half peak height; the product was multiplied by a correction factor of J. 14 The regression line derived from the comparison of the method of Prys-Roberts and the triangulation method is y = 1.035x -0.05 (r = .998). The regression line derived from the comparison between the Waters computer and the method of Prys-Roberts was y = 1.02x -0.03 (r = 0.998).
with the method of Prys-Roberts 30 ( Figure 2 , Table 1 ).
Anaesthesia was induced in the sheep with sodium thiopentone (20 mg/kg IV), a cuffed endotracheal tube was inserted, and anaesthesia maintained with 1.5070 halothane, 60070 nitrogen and 40070 oxygen with intermittent positive pressure ventilation. Lower cardiac outputs were obtained immediately following induction, and the higher ones just before recovery. Routinely, the indicator injections were made in the middle of the expiratory pause. However, on one experimental day the injections were made at any stage of the respiratory cycle, so that these results could be compared with those made during the expiratory pause.
Ambient Temperature versus Cold Injectate
Two hundred and thirty-nine paired simultaneous thermodilution and dye dilution cardiac output measurements were made in four anaesthetised mongrel dogs weighing between 18 and 21 kg so that the results using ambient temperature (20-25 QC) and cold injectate (0-4 QC) could be compared. The general method was described in a previous study.23 The Swan-Ganz catheters were placed in the usual position so as to get an undamped pulmonary artery trace, with the injectate orifice in the superior vena cava. Groups of ten cardiac output measurements were made at a time, alternating between the groups with cold and with ambient temperature injectate for the thermodilution measurement. One hundred and ten dye dilution measurements were compared with simultaneously made thermodilution measurements using ambient temperature injectate, and 129 were compared with simultaneously made measurements using cold injectate.
Catheter Thermistor Performance In vitro
Six Swan-Ganz catheters varying in shelf-life from 1 to 18 months were tested in a constant temperature water bath between 34.2 QC and 43.11 QC. Some catheters had been used up to 10 times each. All catheters tested were immersed simultaneously into the water bath and measurements taken when the temperature had equilibrated. The reference thermometer used was a quartz thermometer (Hewlett 
Packard
Model 2801A, Avondale, Pennsylvania, U.S.A.).
In vivo
Paired simultaneous dye dilution and thermodilution cardiac output measurements were made in the same chronically catheterised sheep under anaesthesia one month apart in order to determine whether any change in performance of the thermistor had occurred. When block ice plus water was used, the rate of cooling was the same as when crushed ice plus water was used.
Computer Performance
All the thermodilution and dye dilution curves were recorded on a 3-channel recorder (Model B-38 Mark 11 H, Rikadenki Kogyo Company Limited, Tokyo, Japan), The area under the thermodilution curve was measured in randomly selected instances by both planimetry and by weighing curves cut from the chart paper. The cardiac output based on these measurements was calculated using the same method as the Edwards computer, for comparison with the displayed digital value.
Triplicated Measurements
As it is possible that progressively less indicator is lost into the catheter with successive rapidly made thermodilution cardiac outputs, the results of the first, second, and third cardiac output measurements made at one minute intervals were subjected to statistical analysis.
Statistical Methods
The values of the first and second, second and third, and first and third cardiac outputs were compared using the paired t-test. The regression lines for the data in Figures 2-4 and Tables 1-3, were derived using the method of least squares.
RESULTS
Volume of Injectate
The mean volume of 5070 dextrose in 100 syringes of 10 ml (corrected for a specific gravity of 1.018 at 25 QC) was 10.03 ml, with w standard deviation of ± 0.05 ml (range 9.9-10.19 ml).
The mean volume of 0.25OJo lCG in 100 1 ml syringes was 1.017 ml, with a standard deviation of ±0.01 ml (range 0.998-1.03 ml).
The amount of dead space in the four different types of tap was in all instances less than 0.07 m!.
Temperature of the Injectate
The injectate probe was accurate over the ranges 0-4.5 QC and 20-25 QC, with differences ranging from -0.01 to + 0.03 QC ( Table 2 ). The regression line for the comparisons over the range 0-4.5 QC was y = 1.005x -0.019 (r = 0.99998), and that for the comparisons over the range 20-25 QC was y = 1.003x -0.09 (r = 0.99999) where y is the probe value and x the reference temperature.
The rates of equilibration of a syringe in water baths containing block ice, crushed ice, block ice with water, and crushed ice with water, are presented in Figure 3 .
When an equilibrated syringe at 0 QC was removed from the iced water bath, and held by the plunger in a room at 23 QC ambient temperature and 50070 relative humidity, the temperature increased 1 QC per minute, with a delay of 10 seconds before the temperature started to rise. When an equilibrated syringe at o QC was removed from the iced waterbath, and was held by the barrel in the palm of the hand, the temperature increased 3 QC in the first 20 seconds, and 6 QC in the first 60 seconds.
Rate of Injection
The mean time of injection was 3.4 seconds, with a range of 2.3 to 3.9 seconds.
Effects of Respiration
Results when injections were made during the expiratory pause are presented in Figures 4a and 4b, and when injections were made at any stage during the respiratory cycle in Figure 4c . 
Ambient Temperature versus Cold Injectate
The comparison of 129 simultaneous dye and thermodilution cardiac outputs using ambient temperature injectate is shown in Figure 5a , and that of 110 simultaneous measurements using cold injectate is shown in Figure 5b Catheter Thermistor Performance In Vitro The catheter thermistors were accurate over 6 the range 34.22 to 43.11 QC, with a range of -0.07 and + 0.08 QC ( Table 3 ). The regression line derived from the data for all the catheters was y = 1.0002x -0.008 (r = 0.9999) where y is the catheter thermistor value and x the reference temperature.
In Vivo
Dye and thermodilution cardiac output measurements, made one month apart in a chronically catheterised sheep, are presented in Figures 4a and 4b .
Computer Performance
The range of errors incurred between repeated measurements of the area under a curve by planimetry or weighing, was ± 2%, which was the order of the difference between the displayed digital value of the cardiac output and the calculated value.
Triplicated Measurements
There was no significant difference between the first and second, second and third, or first and third of successive cardiac output measurements.
DISCUSSION
Volume of Injectate
The determination of the volume of injectate by visual sighting, using standard disposable plastic syringes, is a sufficiently accurate method, with a standard deviation of ±0.5IYJo for 10 ml syringes, and ± llYJo for 1 ml syringes. This would lead to a cardiac output error of less than llYJo for thermodilution and 2IYJo for dye dilution measurements in 95IYJo of cases. An error of 1.4lYJo has been reported with 5 cc plastic syringes. 24 With dye dilution measurements it is important for the dead space of the tap through which the dye is to be injected to be preloaded with dye at the start of the day; with thermodilution cardiac output measurements the dead space of the tap would contribute to an error of less than + O.llYJo in a cardiac output measurement.
Temperature of the Injectate
The injectate probe was accurate over the recommended ranges of operation (0-4 QC and 20-25 QC). The maximum error that may be attributed to the injectate probe in a cardiac output measurement is less than 0.1 %. It is important that the ice bath, which may contain either crushed ice or block ice, should be filled to the level of the tops of the barrels of the syringes with water. If this is done, equilibration takes place within about 12 minutes, whereas if water is not used equilibration is incomplete at 1 hour. It is this slow equilibration without the use of water which has led to recommendations that 1 hour be allowed to lapse for equilibration to take place. 24 During calibration of the inj ectate probe, it was found that if all the ice was allowed to melt in the water bath, there were considerable temperature gradients in the water bath in the 0-4 QC range. In order to compare the two probes, it was necessary, in fact, to conduct the experiment in a room at 4 QC. It is thus recommended that the bath temperature be maintained exactly at the temperature of melting ice, 0 QC, and that measurements should not be performed in the 0-4 QC range. A gradient of 1 QC, which was of the order found experimentally between 0 and 4 QC, would cause a 3IYJo error in a cardiac output measurement.
Loss of Indicator
Indicator loss occurs at each stage of the procedure. Even with careful handling the temperature of the syringe will increase by 1 QC within 1 minute of being removed from the ice bath (with a consequent + 3IYJo error in a cardiac output measurement). Thus it is necessary when making a cardiac output measurement to remove an equilibrated syringe from the water bath by the plunger or flange, and rapidly inject the contents via the tap on the injectate lumen of the catheter, holding only the hub, flange, and plunger of the syringe. In this manner the gradient between the contents of the syringe and the injectate probe will be less than 0.5 QC, which represents an error in the cardiac output of less than + 1.51YJo. With careful handling of the syringe, increases in temperature of the order previously reported and confirmed in this study (1 QC for each 20 seconds),22 can be avoided.
Significant loss of indicator occurs in the catheter; the correction factor CT in the thermodilution equation corrects for this loss of thermal indicator, and nearly 17IYJo of the signal is lost when a 10 ml bolus of cold 5IYJo dextrose is injected. This correction factor is unique for each catheter computer system,24 and for the Swan-Ganz catheter was based on an in vitro study which also showed that variation of the lengths of the intravascular portion of the catheter between 25 and 45 cm produced ± 1.5IYJo error, and that variation of blood temperature between 35 and 39 QC produced virtually no error. 21 These studies were carried out using double thermistor catheters; these aspects were not re-examined in this study. It had been shown that 2-4 seconds was a satisfactory time for injection of indicator via a Swan-Ganz catheter. 21 Injection was reliably completed in less than 4 seconds in this study.
Loss of indicator also occurs between emergence from the injectate orifice in the SVC and the thermistor in the pulmonary artery. This leads to thermodilution cardiac output measurement progressively overreading in the lower cardiac output range. 23 It is recommended that if absolute values of cardiac output are required (for example, for calculation of oxygen consumption) then, a correction factor should be applied, particularly at low cardiac outputs.
C.O. =
COtd -0.20
lImin
The effect of correcting the systematic error may be seen by comparing Figures 5b and 5c . This effect was again evident on examination of the data in three recent studies in man. 4 ,25,26 In one of these studies,4 the systematic variation between dye and thermodilution was attributed to a systematic error in the dye method at low cardiac outputs. However, as the thermodilution method consistently overreads at low cardiac outputs when compared with cardiac outputs measured by the Fick method 26 ,28,31,32,33 by an electromagnetic flow probe,34 as well as by dye dilution, 4, 25, 32, 35, 36, 37 it seems unlikely that this is the case. Furthermore, excellent correlation has been shown between the Fick method and dye dilution over a wide range of cardiac outputS. 17
Baseline Temperature Changes
In order to measure the change in temperature in the pulmonary artery, it is necessary to have a steady baseline temperature before the change occurs. It has been well established that there are fluctuations in temperature in the pulmonary artery under normal circumstances. 24 There are cyclic changes in respiration that may be due to cooling of the heart by overlying lung during inspiration, by changes in the ratios of venous return from the inferior and superior venae cavae, and by changes in the ratio of peripheral to central blood returning to the heart. Even in apnoeic patients there are changes in pulmonary artery temperature which are possibly due to cyclic circulatory phenomena. In addition, some recirculation of thermal indicator does occur. The effects of these changes are minimised by the system used by the Edwards computer, in which the baseline temperature is averaged for a short period immediately preceding the measurement. However, increased variation between thermodilution and dye dilution cardiac output measurements still occurs when injections are not timed with the respiratory cycle. In this study ( Figure 4c ) the correlation coefficient of the linear regression (r value) was 0.84 when injections were made without regard to the respiratory cycle, whereas it was consistently greater than 0.94 when measurements were made at the same stage of the 'respiratory cycle (Figure 4a,b) . These changes are of a similar order to those noted by Woods when successive values of cardiac output deviated by 0-6.7070 with injections made at the same point of the respiratory cycle, but by up to 14% with injections made without regard to the respiratory cycle. 38 Thermodilution cardiac output measurements should be rejected when the patient moves or coughs during a measurement. Timing of the injection with the respiratory cycle is of great importance with Kussmaul breathing or with intermittent positive pressure ventilation requiring high inflation pressures, due to large cyclic changes in venous return and cardiac output.
Ambient Temperature versus Cold Injectate
The facility exists to use ambient temperature injectate for the measurement of thermodilution cardiac output. This has the advantage of being very convenient, and allows the use of an automatic injectate gun. 39 It also overcomes the problems of a temperature gradient between the injectate probe and the contents of the syringes, and of loss of thermal indicator before injection. However, there is a significantly decreased signal-to-noise ratio (noise being random change in the pulmonary artery temperature), and the effects of this outweigh these advantages. When ambient temperature injectate is used, both the random and systematic errors are greater (Figure 5a ). This is presumably due both to a decreased signal-to-noise ratio,27,35 and to a greater percentage of thermal indicator being lost to the surrounding tissues at low cardiac outputs.
Catheter Thermistor Performance
The relationship between temperature and resistance in thermistors is not linear, and the relationship may change for an individual thermistor with timeY However, Swan-Ganz catheters during in-hospital usage from 0-18 months were both linear and accurate within the ranges of temperature at which they are designed to be used. Calculations of linear regression analysis of the data in Table 3 indicate that thermistor variability would account for less than 0.2070 of variation between cardiac output measurements.
As may be seen from Figure 4a and 4b, prolonged usage in vivo does not alter the performance of the thermistors. In particular, it seems that deposition of fibrin on the catheter in the region of the thermistor does not alter the measurement of cardiac output; consistent comparisons between dye dilution and thermodilution have been obtained with catheters that have been in situ in experimental animals for over 4 months. It should be noted that as a separate injectate catheter is used in the chronically catheterised sheep, the intercept of the regression line on the y axis is different to that when a Swan-Ganz catheter is used. This is due to the different dead space and thermal properties of the injectate catheter. However, as the catheter was placed in the right atrium, the slope of the regression line is close to 1.
Computer performance
No problems have been encountered over a 5 year period with the Edwards computer, and measurement of the area under the curve by the computer is at least as accurate as other available independent methods of measurement. The contribution to variations in cardiac output from this source is less than 2070.
Variation between Measurements
The most important source of random variation between successive thermodilution curves is the inherent variability of the downslope of the thermodilution curve ( Figure  1) , and the consequent difficulty in calculating the area under such a curve. After emergence from the injectate orifice, some thermal indicator passes into the surrounding tissues, and subsequently passes back into the blood. This bi-directional nature of heat distribution will manifest itself as a distortion of the downslope of the thermal curve, which, for this reason, unlike the dye dilution curve, cannot be described by a simple exponential function. 28 ,40,41 The method used to calculate the area under the curve must thus be entirely empirical. The Edwards computer integrates the area under the curve until the downslope reaches 30070 of its peak height, and then adds 22070 to account for the area not measured. As the downslope may be subject to erratic behaviour below 50070 of peak height (Figure 1 ), very slight variations in cut-off point can give rise to large variations in the area computed. It is this factor that gives rise to occasional aberrant measurements; thus the recommended practice of taking the average of three thermodilution cardiac output measurements each during the same phase of respiration, is to be endorsed.
Triplicated Measurements
It is not necessary to discard the first of three or more thermodilution cardiac output measurements, as there is no significant difference between it and subsequent measurements. Blood was not drawn back either before or after any of the thermodilution cardiac output measurements. In the light of the results obtained in this and one other study,26 it would seem that this is unnecessary.
Accuracy and Reproducibility of Thermodilution Measurements
Although the thermodilution method does not satisfy some of the requirements for using an indicator dilution method, if the procedure outlined below is followed, reproducible results are obtained that are comparable in accuracy with other available methods. 3 ,25 1. Determine that the tip of the catheter is correctly placed, i.e., that there is an undamped pulmonary artery pressure trace. 26 ,37,41 2. Fill 10 ml syringes with 5070 dextrose, using an aseptic technique, cap and place in a bath filled with ice. Place the injectate probe in the barrel of a syringe filled with 5070 dextrose, and fill the bath with sterile water until the barrels of the syringes are covered. Wait 12 minutes for equilibration to take place. Keep the injectate temperature at 0 QC by always having some ice in the bath. 3. After checking that the correct computation factor has been dialled (0.542 for 10 ml of cold SOlo dextrose), check that the computer is on and that it is "ready". Perform the "self test" procedure recommended by Edwards Laboratories. 4. Remove a 10 ml syringe from the bath and inject the contents briskly via the proximal orifice of the Swan-Ganz catheter, taking care not to touch the barrel of the syringe. 5. This procedure should be repeated twice more, and the average of the 3 measurements taken. Each injection should be timed so that it takes place at the same phase of respiration. The correction for loss of indicator between the injectate orifice and thermistor should be applied. 23 If this procedure is followed, and the average of 3 corrected measurements is taken, thermodilution cardiac output measurements are within 10% of a simultaneously made dye dilution measurement (for example, Figures 4a  and 4b ). Some variability also occurs with the dye dilution technique (about 7%). 25 The correlation between corrected thermodilution measurements and dye dilution measurements in this study compares favourably with comparisons between any two methods. 3 ,42 However, it is important to realise that the thermodilution technique is essentially an empirical one, and that most of the variability must be attributed to real changes in cardiac output, to varying baseline pulmonary artery temperatures, to the inherent variability of the downs lope of the thermodilution curve, and to the consequent difficulty in measuring the area under such a curve.
The performance of the Swan-Ganz catheters and Edwards computer is excellent, and the maximum variation between cardiac output measurements attributable to thermistor or computer error is less than 1 %. Thus, although it is not easy or convenient to calibrate the equipment using independent means, it is unlikely that it would be the cause of a significant error. The error due to procedural variation, even in the hands of unskilled operators, is also very small. Accumulated procedural errors would contribute to less than 2% variation between cardiac output measurements.
Thus, although the thermodilution method does not satisfy some of the basic requirements for indicator dilution Anaesthesia and Intensive Care, Vol. IX, No. 3, August, 1981 flow measurements, the measurements are simple, safe and quick to perform, and the results obtained are comparable in accuracy and reproducibility to those obtained by other less empirical methods.
